Introduction: The dynamic headspace sampling technique using thermal desorption, gas
spectrometry (GC/MS) represents the best compromise for studies investigating both biotic and abiotic stresses in field research. 3 The isoprene molecule (C 5 H 8 ) has been extensively studied with real-time volatile collection methods using proton transfer reaction/mass spectrometry (PTR-MS) technology. 4 Conversely, in vitro headspace analysis in connection with abiotic stress studies is usually performed under laboratory conditions. A number of studies described in recent literature have used methods involving plant biological sample destruction such as volatile extraction under air-dried conditions at 40°C for 72 h, or hydrodistillation performed from cut plant materials. 5, 6 We therefore decided to develop a glass collection chamber that would not harm the plant during its in vitro physiological development or during the VOC sampling procedure. Another goal for this innovative in vitro system was to use the plant's clonal regeneration ability, leading to genetically stable propagation. Another advantage of this method is that it enables VOCs' putative phenotype biomarkers to be detected as soon as possible during plant growth and under abiotic stress without hurting the plant. Our sampling method is used over a 24-h period in order to take account of plant's circadian emission rhythms. 7 There are many techniques for studying leaf reservoirs of stored VOCs, and practical approaches to investigating plant volatiles have been reviewed by Tholl et al. 8 More recently, microwaves or supercritical fluid extraction (SFE), often combined with solid-phase microextraction, have been suggested for plant volatile analysis under laboratory conditions. 9 However, these techniques are highly time-consuming and destructive, and frequently depend on the equilibrium of the sample and the headspace. The system described in our study is of particular interest for the analysis of volatiles emitted in sterile conditions and without any stress disturbance. Moreover, volatiles freely emitted from plants are dynamically trapped without any other laboratory manipulation (in comparison with solvent extraction methods) and after only a few days of plant growth under controlled and defined conditions. VOC sampling can either be static, using a solid-phase microextraction (SPME) device providing semi-quantitative information, or dynamic, using continuous airstream flows within glass cuvette chambers coupled with adsorbent material. As the major purpose of the present study was to create an innovative design for the analysis of whole plantlet volatiles, a dynamic headspace thermal desorption, gas chromatographymass spectrometry (TD-GC/MS) method usingTenax® TA adsorbent cartridges was developed. Adsorbent material selection is always one of the critical steps of the procedure. 19 The optimisation of the sample chamber, the design of the sampling lines and the adsorbent properties of the cartridges used can improve the experimental recovery of these sesquiterpenes. 9 However, leaf stomatal closure resulting from abiotic stresses such as temperature may prevent volatile transmission. Emitted constitutive monoterpene and sesquiterpene
VOCs have been shown to serve as non-destructive markers of phenotypic abiotic stress using measurements under sterile and controlled conditions. 15 The present study was therefore designed to develop a sensitive sampling-analysis technique that would make two things possible: firstly, the investigation of large numbers of in vitro replicates with the guarantee of genetic stability, thus overcoming any response plasticity, and secondly, the measurement of minute amounts of secondary volatile emitted products such as putative abiotic stress biomarkers.
The system developed was tested and applied to clonal oilseed rape 24 using foliage in order to compare VOC emission in relation to different soil types, 26 or using foliage of CO₂-stressed oilseed rape plants. 25 The initial step of our research was therefore to set up an innovative glass VOC trapping system in which whole oilseed rape plantlets could grow under sterile, controlled and strictly defined conditions. When experiments are performed effectively using whole plantlets or plants, all constitutive or induced VOCs emitted can be trapped. The TD-GC/MS method was optimised so that volatiles could be actively trapped on adsorbent material at any moment.
The impact of abiotic stresses such as temperature, drought, ozone and UV-B radiation on terpene emission in oilseed rape is poorly understood. Winter et al. 27 reported that heavy metal stress has a strong influence on terpene emissions. Moreover, diffuse cadmium (Cd) sources, notably phosphorus (P)-fertilisers and atmospheric deposits, can contribute to the concentration of Cd in agricultural soils, 28 and Cd as a hazardous pollutant can lead to inhibition of plant growth processes and to chlorosis (decreasing of photosynthetic activity). 29 Cadmium stress-induced VOC profiles were therefore investigated in order to study the relationship between this specific stress and emissions from winter oilseed rape plantlets. Finally, this sterile laboratory high-throughput system revealed an easy-to-use method for in vitro plants regeneration ensuring genetic stability with advantages for studying the impact of one stress at a time without other disturbances to the plant's secondary VOC metabolism.
| MATERIAL AND METHODS

| Plants
Winter Phenotyping consisted of leaf symptom observation, and phenotypic results consisted of the two plantlets' growth (in millimetres) and fresh weight biomass (in grams) data recorded after VOC collection.
| Volatiles trapping system
An open enclosure glass system was developed based on existing gas wash Drechsel® bottles without filter disc of 500 mL capacity [borosil- 
| TDU/CIS coupled to GC-MS profile analysis
Each sample was loaded and injected using a MultiPurpose Sampler 
| Identification of volatile organic compounds (VOCs)
VOC detection was performed using a quadrupole-type mass spectrom- β-elemene (7.29%) and (E,E)-α-farnesene (9.45%) were integrated and compared with the equivalent single-ion response of 1 μL of hexane solution containing an internal standard of octylbenzene (0.5 mg/mL) (2.69%) (Sigma-Aldrich). The internal standard was injected directly on
Tenax TA cartridges with a 10 μL Hamilton gastight syringe, and adjusted chromatograms with a 3-min solvent delay were used to remove hexane. The terpenoid emission rate was calculated as pg/g/L of fresh weight plantlet and air extracted.
| Statistical analysis
Statistical analysis was carried out with Minitab® package version 17
and all data sets were tested for normality and equality of variances.
Phenotypic results for growth and fresh weight biomass for 28-day- old oilseed rape plantlets were analysed using one-way analysis of var- 
| RESULTS AND DISCUSSION
| Volatile collection system set-up
The developed open enclosure glass system successfully enabled two whole winter oilseed rape plantlets to be grown in vitro in sterile and controlled conditions. The plantlet growth was achieved inside the glass chamber without biotic stresses such as moisture, as was con- literature describes in vitro studies of VOCs using SPME techniques leading to difficult quantitative interpretations 6 or using destructive methods such as incubation of the harvested tissue at a non-biological temperature followed by headspace analysis. 5 The glass chamber setup was based on preliminary tests focusing on the size of the cuvette system, the development-age pattern of the plantlets (i.e. their ability to emit VOCs), the optimal number of plantlets to use (showing a perfect foliage development without disturbance) and the flow rate applied into the developed system.
All these points can be crucial for accurate recording of plant VOC emissions. Unappropriated gas flow inside the cuvette due to the use of an incorrect volume can lead to air stagnation, CO₂ depletion and condensation that disrupt the trapping of VOCs on adsorbent material. 8, 15 It was also decided to push and not pump the filtered air across our system between experiment repetitions to avoid any memory effects of Teflon lines and silicone tubing. Our expertise in trapping plant VOCs was experimentally based, and we tested numerous combinations in terms of the number and the physiological age of the oilseed rape plantlets as this affects the emission of volatile terpene.
The most relevant profiles were obtained when analysis was performed for 24 h using two 28-day-old plantlets with well-developed foliage. The extent of plant community growth and associated specific microclimate, the foliage atmosphere and circadian rhythms could have a significant impact on plant-discrete VOC emission detection. 7, 30 We therefore used the CIS, as part of our study with the objective of detecting discrete amounts of plant VOCs. Ultimately, our system thus 
| VOCs qualitative results using TD-GC/MS and Tenax TA
We firstly investigated the whole profile of emitted VOCs using the TD-GC/MS method, which is a new high-throughput approach to analysing plant volatiles within undisturbed and sterile environment.
To our knowledge, no work has been reported on the potential effect of Cd in VOC metabolism cross talk. Because the results of chromatograms for the whole profile using full SCAN mode exhibited too much noise, we were unable to find any VOC qualitative differences in our investigated test conditions. This can be observed in We therefore decided to perform volatile analysis targeting terpenes 
| Cadmium-related stress and induced terpenoids
Heavy metal stress related to terpenoid emission is poorly documented.
We therefore decided to quantitatively investigate the concentration As can be observed from the graphs, the confidence intervals of both growth and fresh weight biomass means show an overlap for the control condition (0 μM) and the first Cd concentration. These results confirm the tolerance of Brassica napus L. var. Es Astrid plantlets at 5 μM of Cd.
Volatile terpene emission from plants represents more than half of the total emission of plants VOCs. 7 In addition to constitutive terpenes, abiotic stress can induce a dynamic and multifaceted response reflecting variations in volatile terpene metabolism and biological response. 15 Induced VOC emission is a de novo emission and is closely associated with the photosynthetic activity of the plant. 34 Table 1 summarises the data obtained from quantitative results showing the mean (± standard error) of emission rates (in pg/g/L) for myrcene, β-elemene and (E,E)-α-farnesene emitted by oilseed rape under the different Cd stress conditions (0 μM, 5 μM, 15 μM and 45 μM). Emission rates for myrcene and β-elemene showed very high plasticity and no influence of Cd abiotic stress could be found.
However, one-way ANOVA test performed on (E,E)-α-farnesene emission rates revealed a significant effect for Cd stress (F 3,40 = 5.17, P = 0.004). A significant difference was found using Tukey's post hoc test between means of emission rates for (E,E)-α-farnesene at 0 μM and 5 μM of Cd, as can be observed in Figure 7 . This may suggest that the sesquiterpene (E,E)-α-farnesene could be implicated in an elastic and reversible response allowing tolerance to low Cd stress conditions, such as in our experiment at 5 μM of Cd, where the plantlets showed no stress symptoms. This increase of (E,E)-α-farnesene (47.5%) at 5 μM could also represents a potential biomarker of Cd presence within the culture medium without biotic stress interaction. According to the literature, the sesquiterpene (E,E)-α-farnesene is also involved with stress related to biotic damage. 11 A trend of elevation of myrcene and β-elemene emissions correlated to Cd stress concentration can also be observed in Figure 7 .
Some studies have reported similar results concerning a putative variation of emitted terpene under abiotic stress conditions. 2, 25, 27 It seems to be clear that volatile organic compounds, especially terpenoids, mediate plants' resilience to abiotic stress related to heavy metals, but more research is needed. It would also be very interesting to perform other experiments using the developed system in order to recover plant volatiles using other substrate of plant growth such as soil.
